Considering the application of human genome variation databases in precision medicine, population-specific genome projects are continuously being developed. However, the Middle Eastern population is underrepresented in current databases. Accordingly, we established Iranome database (www.iranome.com) by performing whole exome sequencing on 800 individuals from eight major Iranian ethnic groups representing the second largest population of Middle East. We identified 1,575,702 variants of which 308,311 were novel (19.6%). Also, by presenting higher frequency for 37,384 novel or known rare variants, Iranome database can improve the power of molecular diagnosis.
| INTRODUCTION
Completion of the Human Genome project (HGP) was a turning point in the field of human genetics, providing the first human reference DNA sequence. With the advent of next generation sequencing (NGS) technologies, some personal genomes were sequenced and numerous single nucleotide polymorphisms (SNPs), mostly with lower allele frequencies, were identified which were not present in the dbSNP database at that time (Naidoo, Pawitan, Soong, Cooper, & Ku, 2011) . To obtain a more complete picture of the rare variants in different human populations, the 1,000 genome (1KG) project expanded and provided the largest catalog of human genetic variations applying whole exome sequencing (WES) and whole genome sequencing (WGS) on 2,504 individuals from 26 different populations (Auton et al., 2015; Naidoo et al., 2011) . This project revealed over 88 million variants in the human genome providing a valuable resource for research on the genetic basis of human disorders. The majority of these variants were rare (allele frequency <0.5%) and the total number of variants was different among the 26 populations with the rare ones limited to closely related populations, known as geographical clustering of the rare variants (Auton et al., 2015; Tennessen et al., 2012) .
Furthermore, WES of 6,515 European American and African American individuals in the NHLBI GO Exome Sequencing Project (ESP) was used to infer mutation ages and determined that about 86% of single nucleotide variants (SNVs) had been created recently.
The results showed that the majority of these variants were rare SNVs arising as a result of population growth, and the recently emerged rare deleterious SNVs were significantly increased in disease genes (Fu et al., 2013) . Such variants are of great importance in the field of genetic diagnosis of Mendelian disorders. Basically, the pipelines used to identify the causal variant from the extensive list of genetic variations detected by NGS methods, include filtering the variants based on high allele frequency. Therefore, the presence of large-scale databases of genetic variations with representatives from many different ethnic groups is essential to provide a more complete picture of human genome variations and their allele frequencies. This provides a good resource for clinical and functional interpretation of the variants, distinguishing real disease-causing variants from polymorphisms. In line with this demand, a few collaborative projects were established recently and aggregated a large number of WES and WGS data, providing a more comprehensive summary of human genome variations. These included the Exome Aggregation Consortium (ExAC), aggregating 60,706 exome sequences and the later Genome Aggregation Database (gnomAD), aggregating 125,748 exome sequences in addition to 15,708 whole-genome sequences of unrelated individuals from various ancestries (Lek et al., 2016) .
Data analysis of such large-scale projects led to the following conclusion that rare variants are more likely to be populationspecific. This shows the necessity to conduct population-specific genome projects to identify their genetic backgrounds. Such attempts will help in building a more complete picture of genetic variations in the human genome by introducing novel and population-specific rare variants. In fact, this was the aim of the 1KG project which selected samples from 26 different populations.
However, the need for population-specific genome projects still remains, because many ethnic groups are not represented in 1KG project or the number of individuals per population is insufficient to attain reliable allele frequencies (An, 2017; Dopazo et al., 2016; Yamaguchi-Kabata et al., 2015) . Accordingly, lack of representatives from specific populations and ethnic groups in human genome databases may lead to marginalization of members of those populations in the era of genomic revolution, which might put them in danger of discrimination by depriving them of the benefits of new advances in genetic technologies and the associated medical advances. Creation of population-specific genomic variation databases will play an important role in genomic medicine and healthcare as the interpretation of a causal variant in the clinical setting requires knowledge of its frequency in the population the patient comes from (An, 2017; Auton et al., 2015; MacArthur et al., 2014) . Therefore, from an ethical point of view, population-specific genome projects improve health equity at a population and global level (Boomsma et al., 2014;  The Genome of the Netherlands Consortium, 2014).
Middle Eastern genomes are completely absent from the most renowned human genome variation datasets (Auton et al., 2015; Lek et al., 2016) . The Middle East; large region encompassing 17 countries from West Asia to North Africa, is renowned as "Home to the cradle of civilization" and also as an important gateway of modern human migratory routes out of Africa, thereafter populating the whole world (Henn, Cavalli-Sforza, & Feldman, 2012) . Furthermore, its overall 411 million residents have come from diverse ethnic groups with rapid population growth (The Middle East Population (2018-05-20) . Retrieved from http://worldpopulationreview.com/ continents/the-middle-east-population/). Iran, the second largest population in the Middle East, is geographically located in West Asia in a historical region known as the "Fertile Crescent" where the initial migrations out of Africa towards Asia and Europe (Eurasia) occurred (Map of Human Migration;
Retrieved from https://genographic.nationalgeographic.com/humanjourney/; Figure 1a ; Alkan et al., 2014; Henn et al., 2012) (Figure 1a ).
In addition, the important role and geographical location of Iran in the expansion and distribution of gene mutations during the Silk Road trade, an important period causing population admixture after the divergence of western and eastern Eurasia, cannot be overlooked (Comas et al., 1998; Derenko et al., 2013; Zarei & Alipanah, 2014) . All these factors emphasize the valuable and significant additive information on human genome variation that can be gained by sequencing genomes from Middle Eastern population and especially from Iranian population, as is the main focus of this study. As a result of the tradition of consanguineous marriage, a high burden of recessive disorders is reported in the region, and attempts to clarify the genetic variants and their allele frequencies in the Middle Eastern population have recently been initiated aiming to improve precision medicine.
First, "The Greater Middle East (GME) Variome Project" included 2,497 WES data selected from the Greater Middle East (Figure 1a ), the later "Al mena" project aggregated WES and WGS sequence data from 2,115 unrelated individuals from the Middle East and North Africa (MENA) region (Koshy, Ranawat, & Scaria, 2017; Scott et al., 2016) . Although these large-scale aggregation projects have provided an excellent view of allelic frequencies in the Middle Eastern F I G U R E 1 (a) Map of Iran, its neighboring countries and countries in the Middle East and North Africa. The blue arrows show the initial migrations out of Africa towards the Fertile Crescent (a region located in the Middle East which stretches from the Zagros Mountains in southwestern Iran to northern Mesopotamia and into southeast Anatolia) and then the migration of early humans from this region to Asia and Europe (Eurasia). In addition, the black man symbols show the countries and populations which were investigated in The Greater Middle East (GME) Variome Project. (b) Map of Iran with its provinces. The man symbols show where all 800 samples in the Iranome project were taken. The red, dark blue, light green, pink, dark green, light blue, purple and yellow man symbols are shown in provinces where samples were collected for Iranian-Arabs, Iranian-Azeris, Iranian-Baluchs, Iranian-Kurds, Iranian-Lurs, Iranian-Persians, Iranian-Persian Gulf Islanders, and Iranian-Turkmen, respectively FATTAHI ET AL. | 3 population, the number of Iranian individuals included is insufficient to provide a detailed account of allelic frequencies in this specific population, particularly, because it is considered to be one of the ancient founder populations in the Middle East (Scott et al., 2016) , and it is a multiethnic and multilinguistic community (Amanolahi, 2005) . These Iranian ethnic groups are among the most underrepresented populations in the human genomic variation databases currently available.
Here, we describe the design of "Iranome" as a populationspecific project to address the aforementioned issues in medical genetics and precision medicine among Middle Easterns and in 
| Project design and selection of samples
The Iranome project was designed to reflect the demographic context of the country. Iran is geographically located in southwest Asia bordering the Caspian Sea, the Persian Gulf, and the Gulf of Oman (Figure 1b) , with over 80 million residents, it is considered to be the 18th most populous country in the world comprising 1.07% of the world population. Throughout its history, Iran has been invaded by other countries on many occasions, each making their own contributions to the gene pool of the local population (Farhud et al., 1991) . In addition, this country was a passageway between the Far East and the West as it lay on the Silk Road trade route and as a result, the Iranian people have interacted and intermarried with many different nations and races such as Greeks, Arabs, Mongols, Turks, and other tribes. So, the Iranian population is very heterogeneous and is composed of various ethnic groups (up to 26 in some reports) who live in geographically distinct regions of this vast country. Because the national census information is collected based on provinces and not on ethnicities, there are unofficial statistics about these ethnicities that are mostly categorized based on their language or religion and not race or biological factors (Amanolahi, 2005; Rashidvash, 2016) .
Although there are some discrepancies regarding the proportion of each ethnic group, it is well-known that Persians (Fars) are the dominant majority of the ethnic component in Iran, and Azeris or Azerbaijanis comprise the second largest ethnic group (largest ethnic minority) in the country (Material S1).
In some reports, the percentages of Iranian ethnicities are as follows: Persians (65%), Azeris (16%), Kurds (7%), Lurs (6%), Arabs (2%), Baluchs (2%), Turkmen (1%), Qashqai (1%), and non-Persian, non-Turkic groups such as Armenians, Assyrians, and Georgians (less than 1%). However, other reports consider Persians as the dominant population (51%), followed by the rest of the population consisting of Azeris (24%), Gilakis and Mazandaranis (8%), Kurds (7%), Arabs (3%), Lurs (2%), Baluchs (2%), Turkmen (2%), Zabolies (2%) and others (1%) (Banihashemi, 2009; Hassan, 2008; Majbouri & Fesharaki, 2017) .
There are some inconsistencies in considering Gilaki and Mazandarani people who live on the Caspian Sea coast as a separate ethnicity.
Some reports consider these people as originally Persian and that any differences present between Mazandarani and Gilaki people are not due to race, but to environmental differences. However, they speak Persian dialects which are distinctive compared to Persian speakers from the central plateau such as those in Tehran or Shiraz (Curtis, Hooglund, & Division, 2008; Rashidvash, 2012 Rashidvash, , 2013 .
The geographical separation and different historical origins of these ethnic groups play a significant role not only in building specific languages, cultures and life styles but possibly also has a bearing on their varied genetic background. However, some reports claim that common genetic roots of the ethnicities present in Iran are not changed significantly by encounters with other races throughout history (Farjadian & Safi, 2013) . As the objective of the Iranome project was to develop a population-specific framework of genomic variations, providing a good resource for classifying these differences and producing reasonable national health care plans, we decided to include 100 individuals from each of the following ethnic groups:
Arabs, Azeris, Baluchs, Kurds, Lurs, Persians, Turkmen, and also Persian Gulf Islanders (Figure 1b ).
Samples were obtained through a network of local physicians in different provinces who were trained to collect samples according to the project's criteria shown in Table 1 (See questionnaire as material S2). All participants, whose ancestors were born in Iran, were registered in the project anonymously upon having pure race up to at least two generations (four grandparents) and after clinical evaluation according to the completed questionnaire and the complete blood count (CBC) and urine test results. The familial relationship was also explored as far as possible to prevent including relatives who had similar genetic backgrounds in the study. 
| Sequencing and data analysis

| Database design
| Analysis of the population genetic structure
The Eigenstrat method was used for analysis of the population genetic structure among the samples. In this method, principal components analysis (PCA) is applied to SNVs to infer continuous axes of genetic variation. To avoid the clustering of individuals based on regions of linkage disequilibrium (LD), SNPs in two known high LD regions (the human leukocyte antigen (HLA) region in chromosome 6 and a polymorphic chromosome 8 inversion) and dependent SNPs with r 2 ≥ 0.2 over a shifting window of 500 kb were excluded and the remaining genetic variants were used for PCA. The eigenvectors of the first two PCs with the largest eigenvalues of the individuals for each population were plotted to visualize the genetic structure of different ethnic groups in comparison with each other. Then to compare the genetic structure of the Iranian population with other populations, the common variants between the Iranome database and the 26 populations of the 1KG database were pooled together and PCA was applied to the pooled database.
| Runs of homozygosity identification
The Golden Helix SVS algorithm (version 8.8.3) was used for the Runs of homozygosity (ROH) estimations using the WES data for all 800 individuals. First, stringent filtering was applied. Variants which did not pass the following quality criteria were removed: VQSR filtering, T A B L E 1 Detailed information examined for each participant in the study
Individual information Criteria
Age Table 2 and also in Figure 1b .
| Genomic structure of the Iranian population
The genetic structure and ancestry among the seven ethnicities and also the Persian Gulf Islanders across Iran were estimated using principal components analysis (PCA) and population clusters are shown in Figure 2 . The population clusters of Arab, Azeri, Kurd, Lur, and Persian ethnicities look genetically very similar to each other ( Figure 2a ) which is more distinctive in Arabs and Azeris (Figure 2b ).
The other three populations including Baluchs, Turkmen, and Persian
Gulf Islanders are genetically more distinct from the other five, which may be explained by the separation of these groups from the rest of the population through geographical and cultural isolation ( Figure 2a ). (Table 3) . As expected, the majority of these novel variants were singletons (81%). On the other hand, an additional 50% (793,806) of the detected variants were observed in public databases but with an allele frequency less than 0.01 (rare variants). Therefore, about 70% of the variants identified in this data set belong to the category of rare/novel variants (Table 3) . However, among these 1,102,117 rare/novel variants, we identified 37,384 variants (3.4%) with an alternate allele frequency of greater than 1% in the Iranome data set ( Figure   3b ). Therefore, in addition to introducing 308,311 novel variants to the catalog of human genome variation, the Iranome database can improve the power of molecular diagnosis by showing an alternative allele frequency of higher than 1% for 37,384 novel or previously known rare variants.
The average number of genomic variations per Iranian individual within regions covered by the SureSelect Human All Exon V6 kit was 92,162. This is also shown in Azeri's and the lowest in Turkmen (Figure 3a,c) . In addition, Baluchs and Turkmen had the lowest percentage of ethnic-specific novel variants among the total detected novel variants in the Iranian population whereas other ethnic groups showed nonsignificant differences. The detailed statistics for each ethnic group is shown in extended to the other ethnic minorities and the Iranian population in general.
| Functional annotation of variants in the iranome data set
The genomic variations detected in the Iranome database were then annotated by Refseq Genes 105 Interim v1, NCBI, which led to the identification of 1,440,997 variants annotated on verified mRNA transcripts of which 426,972 (29.63%) variants were frequently observed in public genomic databases with a frequency of greater than and equal to 0.01, and 733,334 (50.89%) variants were rarely observed with a frequency of less than 0.01, plus, an additional 280,691 (19.47%) novel variants (Table 3 ; Figure 4a ).
Based on functional variant effects, all of these variants were categorized into three main groups of variants with Loss-of-function (LoF) effect constituting 1.4% of the total variants, variants with Missense effect and variants with Other effects constituting 17.35% and 81.24%, respectively (Figure 4a ). These three groups were subcategorized into 19 different sequence ontology terms as described in Table 3 .
In group 1 (LoF effects), 54.64% of the variants were Frameshifts whereas in group 2 (missense effects), 95.54% were missense variants. The most frequent variants in group 3 (other effects) were intronic variants (75.06%).
As it is shown in Table 3 , variants with LoF effect were more prevalent among the rare/novel categories (Figure 4a,b) . In total, LoF variants constituted 1.4% (20,249 variants) of the database of which 21% were located at Online Mendelian Inheritance in Man (OMIM) genes with a reported associated phenotype. These LoF variants were located in 8365 unique genes of which 75.5% were registered in the OMIM database. In addition, while the number of LoF variants was significantly decreased in common variants category, the percentage of LoF genes located at OMIM genes with a reported associated phenotype did not differ significantly among the three categories of novel, rare and common variants (Figure 4c ). Guideline (Table S1 ; Richards et al., 2015) .
|
3.6.1 | Iranome adds uncertainty to the pathogenicity of four variants observed with rare allele frequency in other similar public databases 3.6.2 | Iranome adds uncertainty to the pathogenicity of two variants with homozygous genotype but not in trans with other causative variants
The rare homozygous variant, p. Gly674Arg, in the WFS1 gene was observed in an individual with Arab ethnicity who was apparently F I G U R E 6 Web-based interface of the Iranome database normal (unlikely to be related to Wolfram syndrome). The variant is considered to be pathogenic/likely pathogenic (Khanim, Kirk, Latif, & Barrett, 2001) but our data support the idea that this variant is polymorphism in the homozygous state and it can be considered to be causative only when occurring in trans with other variants in the WFS1 gene (Häkli, Kytövuori, Luotonen, Sorri, & Majamaa, 2014) .
This variant should also be reclassified as of uncertain significance in its homozygous state. 3.6.3 | Iranome confirms the uncertainty about GPR161 being responsible for pituitary stalk interruption syndrome Karaca et al. (2015) reported a homozygous missense variant, p.
Leu19Gln, in the GPR161 gene as the potential novel cause of pituitary stalk interruption syndrome. In addition, this variant is recognized as likely pathogenic in the ClinVar database. However, the observation of homozygous individuals in public databases brought into question its contribution to this phenotype. Two homozygous Baluch individuals were also observed in the Iranome database. Additional clinical followup revealed that these individuals were apparently normal and unlikely to be related to pituitary stalk interruption syndrome. Therefore, this variant should be reclassified as a variant of uncertain significance according to ACMG guideline (See Table S1 for supporting evidence).
3.6.4 | Iranome adds uncertainty to the pathogenicity of ZC3H14 variant but does not exclude this gene as the cause of mental retardation, autosomal recessive 56 Pak et al. (2011) reported ZC3H14 as a novel causative gene in two families presenting nonsyndromic intellectual disability. They confirmed the expression of this gene in adult and fetal human brain and showed a critical role of its ortholog for normal Drosophila melanogaster (Pemberton et al., 2012) . ROH regions are considered to have functional significance in populations and are considered to be potential target regions having a tendency for rare and common disorders . Long
ROHs are a consequence of recent parental relatedness and therefore can be observed more frequently in inbred populations, and are more likely to surround causative variants in individuals coming from such populations (Hu et al., 2018) .
Due to the high rate of consanguinity in the Iranian population, we attempted to assess the ROHs of Iranian individuals using WES data, to determine the autozygome map of Iranian individuals. In total, 1,446 highly overlapping ROH clusters were calculated (optimal clusters) in which 35.3% were short, 55.3% had intermediate length, and 9.4% were long ROHs (Table S2 ). The distribution of these ROHs based on their length in the Iranome database and per each ethnicity is indicated in Figure 5a . | 13 (Figure 5a,b To provide rapid and free access to such data, a web-based interface is also provided through the two following links: http:// www.iranome.com/ and http://iranome.ir/. The web server is userfriendly and provides a search box on its home page to explore variants based on their genomic positions, or by searching their gene symbol, or by specifying a transcript, or dbSNP ID (#rs ID) and also by providing corresponding coordinates of the intended genomic region. form their own clusters, the remaining populations are genetically very similar. We also observed that the proportion of variants and, in particular, ethnic-specific novel variants, did not differ in the different ethnic groups investigated. In addition, the inclusion in the Iranome project of 100 non-Arab people living in the Persian Gulf islands played a prominent role in clarifying the genetic background and diversity of this less-studied subpopulation in Iran.
Furthermore, our analysis showed that only 0.6% of novel variants in the Iranome data set have counterparts in databases of the Middle Eastern population, emphasizing the value of the Iranome project in clarifying the genetic background and allelic frequency of the Iranian population.
| Impact of the Iranome project at the international level
This project introduced 308,311 additional variants into the human genomic variation catalog and fills another little corner of the human genetic variation picture. Furthermore, this database is an excellent resource for other countries in the region, specifically, the neighboring countries located in a region which was historically called Greater (Persia (Guglielmino, Silvestri, & Beres, 2000) .
In general, genomic databases are useful in clarifying the actual role of pathogenic/likely pathogenic variants in human diseases. This will be more valuable when dealing with rare homozygous variants in a small number of individuals in public databases. Knowing the clinical features of these individuals or at least having access to collect the required clinical data from such suspected individuals will be valuable for medical geneticists. Hopefully, the Iranome database will be very helpful in this matter as already discussed above where 12 pathogenic/likely pathogenic known variants could be reclassified with the help of this dataset.
In conclusion, we believe that the Iranome database, as the first national genomic effort to clarify the genetic background of the country, will be useful in medical genomics and in the healthcare system in Iran as well as in other Indo-Iranian speaking populations in the region. We plan to improve the database by adding more individuals from other Iranian ethnic groups who were not represented in the present phase of the project to comprehensively identify Iranian genomic variations.
